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The efficacy and effectiveness of influenza vaccines depend primarily on the vaccine recipient and the virus similarity
to the endemic virus. Regulatory T cells (Tregs) and cytokines are known to restrict immune responses against viral
infections. We conducted this study to explore the role of Tregs, cytokines, and antibody production after influenza
vaccination. The whole blood was collected from healthy subjects (n = 36) before and two weeks after influenza vaccine
immunization for two or three consecutive years. The cell surface markers, intracellular staining of Foxp3* Tregs, and
Th1/Th2 cytokines were determined. The antibody titer was detected using the hemagglutination inhibition test. The
CD3*, CD127*, CD4*CD25* and CD4*Foxp3*cells were increased significantly post vaccination. The plasma level of the
transforming growth factor (TGF-B), but not interleukin (IL)-2, IL-4, IL-5, IL-10, IFN-y, TNF-a, was also found to increase
significantly after vaccination. We further correlated the cytokine fold-increases with the anti-influenza antibody titer
for individual post vaccination. It was found that the IL-10 level after vaccination correlated with the fold-increases of
anti-HIN1, anti-H3N2, anti-B/Yamagata, and anti-B/Victoria antibodies. But, a negative relationship occurs between the
TGF-B level and fold-increases of anti-HIN1, anti-H3N2, anti-B/Yamagata, and anti-B/Victoria antibodies post vaccination.
Treg cells and TGF-$ seem to participate in the downregulation of the anti-influenza antibody response post influenza

vaccination. Alteration of Treg activity might enhance influenza vaccine antibody responses and efficacy.

Introduction

Influenza viruses belong to the Orthomyxoviridae family and are
the major cause of respiratory disease in humans. Three influenza
types/subtypes circulate in the population, A/H3N2, A/HIN1
and B.! Influenza infections in the elderly and young children can
lead to secondary bacterial infections that result in severe symp-
toms and occasional death.? A highly pathogenic avian influenza
virus, the H5N1 strain, has caused outbreaks of disease in domes-
tic poultry in Asian countries.® Furthermore, a novel influenza
virus, 2009 A/HINI pandemic virus, emerged from the animal
reservoir of influenza viruses and became transmissible among
humans.?

Anti-influenza viral immunity is a complex process involving
both of innate and adaptive immunity. The degree of immunity
within an influenza virus subtype is mainly dependent on pre-
vious exposure to natural infection, the individual’s immune
status, and the immunity developed to the annual influenza
vaccination.” Vaccination represents the most cost-effective and
efficient defense against virus-induced diseases. Trivalent inacti-
vated vaccines (TIV) contain strains of influenza viruses that are
antigenically equivalent to the annually recommended strains:
one influenza A (H3N2) virus, one influenza A (HIN1) virus,

and one influenza B virus. Current immunization strategy relies
heavily on the induction of strain-specific serologic immunity by
TIV that must be redesigned and produced annually to reflect
circulating strains.®” Studies of the immune response to influ-
enza vaccination and infection are often limited to measures of
antibody titers.

Regulatory T cells (Treg) play key roles in the maintenance
of lymphoid homeostasis in a number of immune circumstances.
The so-called “natural” CD4*CD25* Tregs arise as a distinct
lineage from the thymus in mice and humans.® Regulatory func-
tion can also be acquired by uncommitted, CD4* T cells under
particular conditions of antigenic stimulation. These so-called
“induced” Tregs are likewise heterogeneous. A firm molecular
definition for these cells came about with the discovery that
they express the forkhead-winged helix transcription factor
Foxp3. In humans, regulatory activity is mostly confined to the
CD4*CD25"#" subset.®” Interleukine (IL)-7 plays an essential
role in the development and maintenance of T lymphocytes.
The biological effects of IL-7 are mediated via the hematopoietic
IL-7 receptor (IL-7R) complex, a heterodimer of an IL-7 receptor
a (CD127) chain.'” CD127 expression has proven crucial dur-
ing thymocyte maturation and has been suggested to be a cru-
cial step for effector or memory differentiation. It is commonly
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Table 1. The changes of expression frequency or ratio of
immunophenotypes in subjects before and after influenza vaccination

Immunophe‘notype Before vaccination  After vaccination
expression
CD3*(%) 57.2+14.8 63.7 £ 11.4°
CD4*(%) 341 £9.7 36.1+7.8
CD8*(%) 255+8.2 26.1+6.9
CD207(%) 129+ 75 125+ 6.4
CD16*CD56%*(%) 14.7 £ 9.4 13.9+8.9
CD14*(%) 323+ 149 353+13.6
CD1274(%) 0.7 £0.7 1.7x1.1°
*p <0.05

shared by many cytokines including IL-2, IL-4, IL-9, IL-15 and
IL-21.1

Cytokines are key regulators of the immune system. They are
essential in shaping the innate and adaptive immune responses, as
well as for the establishment and maintenance of immunological
memory. Vaccines aimed at establishing long lasting immunity
should manipulate the cytokine milieu to induce the appropriate
immune effector mechanisms for each particular pathogen, and
to establish a large pool of long-lived memory cells."! The incor-
poration of cytokines as molecular adjuvants in vaccines has been
attempted to strengthen vaccine-induced immune responses, and
as a rational approach to modulate cytokine milieu in vivo and
tailor host immunity for specific situations.!?

Various cytokines might exert different effects on Treg sup-
pression, thereby contributing to tuning the magnitude of sup-
pression.'” Adaptive Treg cells include Foxp3* cells that develop
extrathymically and share most phenotypic and functional fea-
tures of natural Treg cells, as well as Foxp3- cells that seem to
exert their regulatory activity mainly by a cell contact-indepen-
dent," cytokine-dependent mechanism that involves both IL-10
and the transforming growth factor (TGF)-B."! TGF-f partici-
pates in the development and/or maintenance of all Treg subsets,
whether they originate from Foxp3* or Foxp3- thymic precursor
cells, in addition to its involvement in the development of the
IL-17-producing T helper cell effector lineage.”

Little is known about Treg responses induced post influenza
vaccination. The approach taken in this study was to address
the issue of Treg Foxp3 and cytokine expression, and the rela-
tionship between these immunologic indicators and antibody
production in healthy subjects who received seasonal influenza
vaccination.

Results

Demographic data. The study enrolled 36 (male 18, female 18)
healthy subjects. The mean age was 35.6 + 12.5 y. All the subjects
received influenza vaccinations for at least two consecutive years.
No underlying disease was reported in the subjects.
Immunophenotype expressions. The expression frequency
of CD3* (p = 0.025) increased significantly after vaccination.
No significant differences in expression frequency for CD4* (p

1244 Human Vaccines & Immunotherapeutics

- 0.761), CD8" (p = 0.716), CD20" (p = 0.409), or CD14" (p
= 0.548) were found after vaccination (Table 1). The expres-
sion frequency of CD4*CD25* and CD4*Foxp3* was studied
in 24 and 14 subjects, respectively. The expression frequency of
CD4'CD25" (0.8 £ 0.6% vs. 2.5 + 2.9%, p = 0.011) increased sig-
nificantly after vaccination. In addition, the expression frequency
of CD4*Foxp3* (7.1 + 2.4% vs. 9.2 = 2.2%, p = 0.039) (Fig. 1)
and the expression frequency of CD127* (p < 0.01) increased sig-
nificantly after vaccination.

Changes of cytokines expression after vaccination. The
changes of cytokine profile after vaccination were summarized
in Table 2. In comparison with the cytokine level before vaccina-
tion, the plasma TGF-f level (p < 0.05) of the subjects elevated
significantly after vaccination. Other cytokines such as IL-2,
IL-4, IL-5, IL-10, IFN-y and TNF-a did not show a marked
change after vaccination.

Antibody titer. The antibody titers to the influenza A HINI,
influenza A H3N2, influenza B/Yamagata, and influenza B/
Victoria below 1:40 were found in 29-65%, 20-33%, 4—40%
and 17-44% of the subjects before vaccination, respectively. After
vaccination, titers above 1:40 for the subjects to influenza A HIN1
were 96-100%, to influenza A H3N2, 85-100%, to influenza B/
Yamagata,78—100%,and toinfluenzaB/Victoria, 85-100%, indi-
catingtheinfluenzavaccineindeed induce anti-influenzaantibody.

Correlation of cytokines and antibody titers. Since the dura-
tion of antibody titer is short that are usually decreased after
one year post immunization, we attempt to investigate whether
this related to the regulatory mechanism of the immune system.
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Figure 1. The expression frequency of (A) CD4*CD25* and (B)
CD4*Foxp3* on peripheral mononuclear cells of healthy subjects pre-
and post-influenza vaccination.
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Table 2. The changes of cytokines expression in subjects before and
after influenza vaccination
After vaccination

Cytokine (pg/ml) Before vaccination

IL-2 20+19 3.2+37

IL-4 31432 30+37

IL-5 12406 12410
IL-10 6.1+43 51+74
IFN-y 39.3 + 5411 35.1+389
TNF-o 53+15.6 55+15.0
TGF-B 2859 + 2711 4223 + 35512

p < 0.05

Through the serum cytokine level and the anti-influenza anti-
body titer for individual immunized persons (n = 19), the fold-
increases of the cytokine and fold-increases of the antibody titer
was plotted and correlated. Since the antibody titer was deter-
mined by hemagglutination inhibition test, the 4-fold increase
was considered to be significant. There is positive correlation
between the fold-increases of IL-10 (Fig. 2A) and anti-HINI,
anti-H3N2, anti-B/Yamagata, and anti-B/Victoria antibodies
for individuals post immunization. On the contrary, there was
a negative relationship between the fold-increases of the TGF-3
level and the fold-increases of the anti-HINI, anti-H3N2,
anti-B/Yamagata, and anti-B/Victoria antibody titer (Fig. 2B).
Whereas, fold-increases of 1L-2, IL-4, IL-5, IFN-y or TNF-«
level showed different correlation to fold-increases of each anti-
influenza antibody titer.

Discussion

Immune correlates of protection against influenza infection after
vaccination include serum hemagglutination inhibition antibody
and neutralizing antibody. Increased levels of antibody induced
by vaccination decrease the risk for illness caused by endemic
strains that are similar antigenically to those strains included in
the vaccine.'*'8

Tregs are increasingly important in vaccine strategies. Tregs
can influence the magnitude of the vaccination response in
several ways. Short-range mechanisms, such as regulatory mol-
ecule secretion of IL-10, adenosine, IL-35, galectins, and carbon
monoxide will suppress the local effector cells during adaptive
immune responses. In the longer run, Tregs create a regulatory
environment by producing TGF-B and/or change DC func-
tions to stimulate additional Treg production.” Cytokines (IL-
2, IL-10, IFN-y, TGF-B) could influence “natural” Tregs that
are present without an apparent immune response. Additionally,
some cytokines could amplify the number or activity of Tregs.
The influence of cytokines on Tregs is factored into the activa-
tion/conversion or effector function. Most cytokines have a posi-
tive stimulating or supportive effect although some downregulate
the regulatory cell. Whether the downregulation effect is on the
regulatory cell or the cytokine renders the effector cell “target”
resistant to suppression should be considered.?

www.landesbioscience.com

Influenza A/PR/8/34 (PR8) is an HINI1 human strain
adapted to efficiently replicate in and kill mice. Surls and
coworkers found that immunization of BALB/c mice with a
prototype of UV-inactivated PR8 virus vaccine expanded the
CD4*Foxp3* Treg pool and fostered the development of virus-
specific CD4*Foxp3* Treg cells. Increasing the size of the Foxp3*
Treg pool did not alter the primary PR8-specific B-cell response,
but it did suppress the primary and memory PR8-specific T
helper responses induced by vaccination.? Since the CD4 T cells
play an important role in anti-influenza viral protection through
a quick recall of the adaptive B memory cell response, and Tregs
are expanded as consequence of vaccination. These findings may
support the notion of the increasing expression frequency of
CD4'Foxp3* after influenza vaccination in our study.

Peripheral Tregs are heterogeneous, and may include some
cells with transient Foxp3 expression. CD4*Foxp3* Treg pool is
a critical modulatory component of the adaptive CD4* T cell
primary and memory responses induced by vaccination. The
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Figure 2. The correlation of fold-increase of (A) interleukine (IL)-10, and
(B) transforming growth factor (TGF)- to fold-increase of antibodies
after vaccination.
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CD4'Foxp3* is not limited to CD4*CD25* T cells. Human
CD4*CD25" T cells can also transiently express Foxp3 after TcR
stimulation without the requirement of other extrinsic signals.
Foxp3-expressing T cell encompassed in the CD25 cell popula-
tion convert to CD25* after homeostatic expansion.? In vitro
human studies also indicate that stable and high Foxp3 expres-
sion in CD4* CD25" T cells is consistent with acquisition of Treg
phenotype and function.” One of the contributions of Tregs was
to provide rapid helper activity during the initial early window
after vaccine administration, at a time when conventional, anti-
gen specific CD4* helper cells had not started to activate and
clonally expand.*

Differential CD127 expression on Treg depends on their
localization and their activation status. Simonetta et al. showed
that Treg exhibit high CDI127 expression when activated, in
contrast to their low expression in non-immunized settings.”
They also suggested in contrast to conventional T-cell activation,
CD127 expression may be more prominent during Treg activa-
tion. Low CD127 expression is not an intrinsic characteristic of
Treg and that differential CD127 expression on Treg depends
on their localization and their activation status. CD127" effec-
tor cells express more survival factors and undergo apoptosis to a
lesser extent in vivo than do CD127" effector cells, and strongly
support the model in which CD127" effector cells are selected
to survive and develop into long-lived memory cells.?* Huang et
al. showed that prime-immunization with SARS-CoV S DNA
vaccine can induce both CD4* and CD8* T cell responses. The
SARS-CoV S-specific CD4* and CD8* T cells were 30 to 50% of
the cells expressing CD127, which can generate antigen-specific
humoral and cellular immune responses that may contribute to
long-term protection.”” These studies may provide some expla-
nation for the increased expression of CD4'Foxp3* and CD127
simultaneously after influenza vaccination.

Antibodies that are present in the serum and on mucosal sur-
faces are good correlates of immunity to influenza. McElhaney
et al.?® found that cytokine production and the proliferation of T
cells in the presence of influenza antigens correlated with protec-
tion in elderly adults. They reported different types of helper T-cell
responses to each of the vaccine strains of the virus. IL-10, which
is produced in a Th2 response, was higher in PBMC stimulated
with A/Texas/36/91 (HIN1) than in A/Johannesburg/33/94
(H3N2). The strain of influenza virus contained in the vaccine
appeared to be an important determinant of the T-cell response
to vaccination.”’ Influenza-specific T cells play a crucial role in
the control of viral influenza infection and are capable of produc-
ing cytokines and killing infected cells. A comparative study of a
single vs. booster dose of influenza vaccination in elderly subjects
revealed much different immune responses.®® The single immu-
nization led to an expected increase in IFN-y and Granzyme B
which positively correlated with increased antibody levels and
decreased IL-10. In contrast, boosting 16 weeks after the initial
dose lead to decreased IFN-y and Granzyme B as compared with
the single boost group.

CD4 T cell reactivity to hemagglutinin (HA) is particularly
important to quantify because of the recent evidence that CD4
help for B cell responses might occur optimally if the epitopes are
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derived from the same antigen.?! The exposure of CD4* T cells to
TGF-B may convert these cells to CD4*Foxp3* Treg cells. This
conversion could occur in any immune privileged site that con-
tains TGF-B. T cell sensitivity to TGF- is required for the effec-
tor cells to be suppressed by CD8* Treg cells themselves induced
by CD4*Foxp3* Treg cells. Further, Casares and coworkers also
identified peptide P60 is able to inhibit the immunosuppressive
activity of murine and human-derived Tregs and enhances the
effector T cell stimulation in vitro, and most importantly, they
show that P60 can improve the immunogenicity of viral vac-
cines.”? Therefore, TGF-B and CD4*Foxp3* Treg cells may act
as checkpoints between the antibodies production and vaccina-
tion. These findings may also provide the explanation, at least in
part, of the lower antibody titer of anti-B/Yamagata and anti-B/
Victoria post vaccination.

Limitations of this study, the use of CD4*CD25" is limited
given the more sophisticated nature of Treg identification. Other
report utilized CD45RO*RA-CD25*CD127 as a definitive
marker of Tregs.?® Further, the possibility that Foxp3 could be
also expressed by activated human T cells.*® Instead of analyzing
the frequencies of CD4*CD25* and CD4*Foxp3* T cells, might
consider analyzing the frequency of Tregs using tetramer tech-
nology. Because of relatively small number of subjects, the analy-
sis of the correlations between cytokine and antibody responses
is limited, though the trend exists. We did not evaluate the fre-
quency of B cells taken from the human cohort. Correlation
of the increased B cell frequencies, antibodies and cytokines,
together with the functional analysis of Foxp3*Treg cells would
attach more credence to this study.

In summary, we suggest that Treg cells may be activated post
influenza vaccination. The altered expression of Treg cells may
be used as a surrogate measurement of regulatory function that
influenced the production of anti-influenza antibody. It can also
be the targets to enhance the efficacy of influenza vaccine.

Material and Methods

Selection of subjects. Healthy volunteers (n = 36), at the time
of blood collection, donated whole blood via venous puncture
before an influenza vaccination and two weeks after the immuni-
zation in 2006—-2009. The Clinical Research Ethics Committee
of the National Cheng Kung University and Hospital approved
the study protocol. Informed consent was obtained from all the
enrolled subjects.

Vaccine. Single lots of licensed 2006-2007 (A/New
Caledonia/20/99 (H1N1)-like virus; an A/Wisconsin/67/2005
(H3N2)-like virus; a B/Malaysia/2506/2004-like  virus),
2007-2008 (A/Solomon Islands/3/2006 (HIN1)-like (new
for this season), A/Wisconsin/67/2005 (H3N2)-like, and B/
Malaysia/2506/2004-like viruses), and/or 2008-2009 (A/
Brisbane/59/2007 (H1N1)-like, A/Brisbane/10/2007 (H3N2)-
like, and B/Florida/4/2006-like antigens) trivalent inactivated
preservative-free split-virion inactivated influenza vaccine (Sanofi
Pasteur, Fluzone® or GlaxoSmithKline, Fluarix®) were used
throughout the trial.
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Sample preparation. Peripheral blood mononuclear cells
(PBMCs) were isolated from ethylenediamine tetraacetic acid
(EDTA) whole blood using Ficoll separation (Ficoll-Paque plus;
Amersham Biosciences). After two washes in PBS, PBMCs were
subjected to further analyses. The plasma was stored at -80°C for
further use.

Peripheral blood mononuclear cell (PBMC) preparation and
flow cytometry analysis. PBMCs were extracted from peripheral
blood using a standard Ficoll density-gradient centrifugation and
were immediately tested using fluorescence activated cell sorter

(FACS) analysis. The cells then were washed with PBS and fixed

with 0.5 mL of 0.1% glutaraldehyde solution in PBS. Stained
lymphocytes were analyzed using flow cytometry (Becton
Dickinson Immunocytometry Systems). Data was acquired and
analyzed by Cell Quest software (Becton Dickinson). The fol-
lowing fluorescent mAbs were used for staining and in sorting:
peridinin chlorophyll protein—conjugated Leu 4 (CD3; pan T),
phycoerythrin-conjugated Leu-3a (CD4 T cells), Leu-2a (CD8
T cells and NK cells), Leu-11c (CD16; NK lymphocytes), Leu-
19 (CD56; NK lymphocytes and T lymphocyte subset), CD25
(M-A251), and CD127 according to the manufacturer’s instruc-
tions (R&D Systems). CD4* Tregs showed Foxp3 expression as
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Figure 3. Representative plot illustrating gating strategy. (A) Lymphocytes were gated according to forward and side scatter (R1), (B) CD4*CD25" lym-
phocytes (R2), CD4*CD25" lymphocytes (R3). From the gated lymphocyte population, the total Foxp3 expression and isotype control were analyzed (C)
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determined by FACS intra-cytoplasmic staining with anti-Fox-
p3Ab (eBioscience). The gating strategy for each population is
demonstrated in Figure 3.

Measurement of cytokines. Plasma for cytokine determina-
tion was harvested from the subjects within 30 min of venipunc-
ture from EDTA-anticoagulated venous blood samples and was
stored at -70°C until analyzed. The cytometric bead array assay
(CBA) (BD PharMingen, CA, USA) consisted of six bead popu-
lations with distinct fluorescence intensities. The concentrations
of IL-2, 1L-4, IL-5, IL-10, interferon (IFN)-vy and tumor necro-
sis factor (TNF)-a were measured using the human Th1/Th2
cytokine CBA kits. An ELISA for quantitative determination
of TGF-B (Quantikine; R&D Systems) was used. The limits of
detection of these immunoassays were 2.6 pg/mL for IL-2, 2.6
pg/mL for 1L-4, 2.4 pg/mL for IL-5, 2.8 pg/mL for IL-10, 2.8
pg/mL for TNF-a, and 7.1 pg/mL for IFN-y.

Hemagglutination inhibition (HAI) assay. Serum sam-
ples were pre-treated with receptor-destroying enzyme (Denka

Seiken) overnight at 37°C and then incubated for 1 h at 56°C
to remove nonspecific inhibitors. The HAI test was conducted
with 8 HA units of the appropriate virus and 0.7% (v/ v) turkey
erythrocytes, as described elsewhere. Serum HAT antibody titers
of 40 were considered to be protective.

Statistical analysis. Data were expressed as mean = SD.
Statistical significance was determined by pair or nonpair non-
parametric tests, using SPSS software (version 11.5, Chicago, IL,
USA). A p < 0.05 was considered significant.
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